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EDITORIAL REVIEW
Evaluation of the lithium clearance method: Direct analysis of
tubular lithium handling by micropuncture
The availability of a non-invasive and quantitative means of
measuring the output of sodium (Na) and water from the proxi-
mal tubules of the kidneys would clearly be of great value in the
study of the (patho)physiology of renal Na handling. For this
reason the concept of so-called markers of reabsorption in the
proximal tubules has been developed [1—3]. In principle, such
markers are substances whose reabsorption is restricted to the
proximal tubules, where it should occur in the same proportion as
that of water and Na. The full set of criteria which have to be met
for a substance to be a quantitative marker of proximal Na
reabsorption [1—31 is shown in Table 1.
The consequence of criteria 1 to 3 is that the concentration of
the marker remains equal to that in plasma along the entire length
of the proximal tubules, so that the late proximal tubular fluid-
plasma concentration ratio is equal to unity. The consequence of
criteria 4 and 5 is that the amount of the marker substance that
reaches the end of the proximal tubules of both kidneys is
quantitatively excreted in the urine. If all these criteria are met,
the renal clearance of the marker will be a quantitative measure of
the volume of tubular fluid that reaches the end of all the proximal
tubules of the two kidneys (Fig. 1).
Many substances have been used as markers of reabsorption in
the proximal tubules, but none has fulfilled all of the required
criteria [1—3] (Table 2). However, several years ago [4, 5] and
again more recently [6, 7], lithium (Li) has been proposed as a
truly quantitative marker of Na and water transport in the
proximal tubules of the kidney. A literature search of the Medline
database (January 1989/September 1993, key words: lithium clear-
ance, FELl, CLI, in title and/or abstract) disclosed that Li clearance
data have been reported in at least 200 studies. In most of them,
Li clearance was used unconditionally as a valid, quantitative
index of Na and water delivery from the proximal tubules. In
recent years, a number of micropuncture studies have been
published addressing the validity of the method. The aim of the
present article is to critically review the evidence concerning the
validity of the Li clearance method obtained in the studies directly
assessing tubular Li handling [8—17]. Although it is recognized
that the results of micropuncture studies, which of necessity are
confined to experimental animals, might not be applicable in every
respect to humans, whole kidney Li handling in humans appears
to be similar to that in rats. With this in mind, an attempt will be
made to correlate micropuncture findings in rats with relevant
clearance data in humans.
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Evaluation of the Li clearance method by micropuncture
Before discussing the micropuncture data concerning the valid-
ity of the Li clearance method, several comments should be made.
First, with the exception of one abstract reporting very limited
data on tubular Li concentrations in the chinchilla [9], all studies
have been performed in only one species, the rat (the Sprague-
Dawley strain exclusively). Secondly, micropuncture can obviously
only be performed following anesthesia and fairly extensive
surgery. Thirdly, information on tubular Li handling is restricted
to the superficial nephron population. Fourthly, the sites of
cortical micropuncture that can be identified reproducibly are the
end of the proximal convoluted tubule and the early and late distal
tubule; the pars recta of the proximal tubule is not accessible to
micropuncture. Hence, it is impossible to determine directly
whether Li behaves as an ideal marker along the entire proximal
tubule. Moreover, it is impossible to assess directly whether
reabsorption of a marker between the late proximal convoluted
and early distal tubules takes place in the pars recta, which would
support the validity of the marker, or in the loop of Henle, which
would not.
Bearing these restrictions in mind, the following issues will be
examined:
(1) Is reabsorption of Li and water in the superficial proximal
convoluted tubules proportional; in other words, is the tubu-
lar fluid-plasma Li concentration ratio (the [T/P]LI) at the end
of this nephron segment equal to unity?
(2) Is Li reabsorption between the superficial late proximal and
the early distal convoluted tubule restricted to the pars recta
of the proximal tubules?
(3) Does Li reabsorption occur between the superficial early and
late distal tubules?
(4) Does Li reabsorption occur beyond the superficial distal
tubules?
Lithium reabsorption in the superficial proximal convoluted
tubules
Hayslett and Kashgarian were the first to report Li concentra-
tions in tubular fluid in the rat [8]. In accordance with the concept
that Li was a valid marker of Na and water transport in the
proximal tubules, they found that the [T/P]LI in the late proximal
convoluted tubules was 1.01 0.06 (mean sn), a value obviously
not different from unity. In agreement with this finding, an
abstract by Willis, Broughton and Foster [9] reported a value of
0.99 0.09 in the chinchilla, albeit in a very small sample size,
from an unspecified region of the proximal tubule.
In contrast, more recent publications on the subject [10—17],
generated by four different groups, have reported values for the
[T/P]LI at the late proximal convoluted tubule that significantly
exceed unity, the average value being —1.14 (range 1.05 to 1.18,
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Table 1. Criteria to be fulfilled for a substance to be a quantitative
marker of sodium and water reabsorption in the proximal tubules of the
kidney
1. No protein binding or complex formation in the plasma
2. Free filtration in the glomeruli
3. Reabsorption in the proximal tubules in parallel with that of water
4. No reabsorption beyond the proximal tubules
5. No secretion beyond the proximal tubules
Table 2. Markers of reabsorption in the proximal tubules of the kidney
which deviate from the criteria detailed in Table 1
Uric acid tubular secretion
Phosphate [T/P]-LPT < 1, distal
reabsorption, no steady plasma
concentration
Calcium protein binding, distal
reabsorption
Magnesium protein binding, [T/P]-LPT> 1,
distal reabsorption
Bicarbonate [TIP]-LPT < 1, distal reabsorption
Glucose [T/P]-LPT < 1
Abbreviations are: [TIP], tubular fluid/plasma concentration ratio; LPT,
late proximal tubule. Adapted from references [2] and [3].
Hayslett and Kashgarian and those from subsequent studies in the
rat is not clear, but is probably of methodological origin. Hayslett
and Kashgarian were the only group to use helium glow photom-
etsy to measure Li. Because of the insensitivity of this method,
they were obliged to perform their experiments at very high
plasma Li concentrations (mean 3.9 mmol/liter), which may have
affected proximal tubular function. All other investigators applied
the more sensitive method of atomic absorption spectrophotom-
etry [18, 19]. Plasma Li concentrations in these studies varied
between 0.17 mmol/liter and 0.31 mmol/liter, which is well below
nephrotoxic levels.
In summary, most recent data suggest that the [T/P]LI at the end
of the rat proximal convoluted tubule significantly exceeds unity,
with an average reported value of —1.14. The [TIP] has not been
measured in Bowman's capsule or the initial segments of the
proximal convoluted tubules. However, the available evidence,
albeit preliminary, suggests that the [T/P]L, does not correlate
with the [T/P]inulin along the accessible segments of the proximal
tubules [11, and unpublished observations by D.G. Shirley and S.J.
Walter]. Assuming that the concentration of Li in the glomerular
filtrate does not exceed that in plasma, it therefore seems likely
that the [T/P]LI increases in the very early part of the proximal
convoluted tubule, that is, that segment which is generally inac-
cessible to micropuncture. Whatever the mechanism involved, the
consequence of the finding that the [T/P]L at the end of the
proximal convoluted tubules exceeds unity is that the fractional
delivery of Li systematically exceeds that of water.
Lithium reabsorption between the superficial late proximal and
the early distal convoluted tubules
Basal conditions
Fig. 1. The nephron drawn schematically represents all the nephrons from
the two kidneys. The shaded part of the nephron depicts the convoluted
and the straight proximal tubules. Abbreviations are: Vprox, rate of fluid
delivery to the end of the pars recta; [T]Ma, tubular fluid concentration of
the marker; [U]Ma, urine concentration of the marker; Vurjnç, urine flow
rate; [P]Ma, plasma concentration of the marker; CMa, renal clearance of
the marker.
Table 3). These reports also showed that the [T/P]Ll at the late
proximal convoluted tubule was not altered by various manipula-
tions such as osmotic diuresis [10], prostaglandin synthesis inhi-
bition [15], Na depletion [17], or infusion of furosemide, acetazol-
amide, amiloride and angiotensin II [12—14, 16, 17].
The reason for the discrepancy between the data reported by
Those studies which have reported Li deliveries to both late
proximal and early distal convoluted tubules [8, 12—17] have
shown that on average -—25% (range 18% to 32%) of the filtered
load of Li is reabsorbed between the two collection sites. A key
question is whether Li reabsorption between the late proximal
convoluted tubule and the early distal tubule is restricted to the
pars recta of the proximal tubules, as had been claimed by some
[6, 20, 21], or whether the loop of Henle also contributes [22, 23].
As shown in Figure 2, in most studies in untreated rats the
[T/P]LI at the early distal tubules was very close to the value
measured at the late proximal convoluted tubules [12—17]. This
indicates that under basal conditions the reabsorption of Li
between the late proximal and early distal convoluted tubules,
expressed as a fraction of the amount delivered, is similar to that
Vprox x [T]Ma = [U]Ma x Vurine
[T]Ma = [1D]Ma
Vprox X [P]Ma = [U]Ma X Vurine
= [UIMa x Vurine = CMa
x m
[UIMa X
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Table 3. Summary of micropuncture studies assessing tubular lithium handling by micropuncture
Reference
IT/PILl FDLi
Treatment LPT EDT LDT LPT EDT LDT Urine
Hayslett & Kashgarian [8] none 1.01 1.38 — 43 25 — 25
Willis et al [9] nonea 0.99 2.3 — — — — —
Leyssac et al [10] none
mannitol
1.09
1.07
—
—
—
—
54
63
—
—
—
—
—
—
Atherton & Pempkowiak [11] none 1.13 — — — — — —
Fransen et al [12] Na restriction
+amiloride
1.17
1.17
1.15
1.02
—
—
58
58
31
26
—
—
21
26
Shirley et al [13] none
amiloride
furosemide
1.16
1.16
1.17
1.28
1.15
1.38
2.29
1.67
1.70
50
50
49
25
25
37
23
22
35
23
24
40
Franscn et al [14] none
acetazolamide
furosemide
1.05
1.08
1.05
1.03
1.00
1.10
—
—
—
53
69
60
27
37
45
—
—
—
23
37
48
Boer et at [15] none
meclofenamate
indomethacin
1.14
1.14
1.16
1.06
0.81
0.84
—
—
—
64
61
65
32
19
20
—
—
—
26
13
15
Fransen et al [16] none"
angiotensin II"
1.18
1.15
1.07
1.03
—
—
57
49
28
23
—
—
23
17
Walter et al [17] Na depletion
+amiloride
+furoscmide
1.11
1.15
1.17
1.21
1.08
1.47
1.81
1.42
3.02
41
44
42
20
19
30
18
17
31
8
15
34
Abbreviations are: [T/P]L,, tubular fluid/plasma lithium concentration ratio; FDLI, fractional lithium delivery; LPT, late proximal convoluted tubule;
EDT, early distal convoluted tubule; LDT, late distal tubule.
aMeasured in chinchilla, samples obtained from unspecified regions of the proximal and distal tubule
b Rats chronically pretreated with the angtiotensin converting enzyme inhibitor enalapril.
Fig. 2. Control values from micropuncture
studies measuring the tubular fluid/plasma lithium
concentration ratio (IT/PILl) at the late proximal
convoluted tubules (hatched bars) and the early
distal tubules (open bars). * Indicates a
statistically significant difference between the
ratio measured at the late proximal and early
distal convoluted tubules. The figures in
brackets are reference numbers.
of water. In contrast, Na reabsorption in the same segment
markedly exceeds that of water, resulting in early distal [T/P]N
ratios well below 0.5 [12—17]. In principle, a likely site for
proportional Li and water reabsorption must be the pars recta of
the proximal tubules. In view of the reabsorptive capacity of this
segment relative to that of the pars convoluta [24, 25], it is indeed
conceivable that most of the Li reabsorption between the late
proximal and early distal convoluted tubules takes place in the
pars recta. However, attributing all of the proportional Li and
water reabsorption to the pars recta would imply the virtual
absence of water reabsorption in the thin descending limb of
Henle's loop. An alternative possibility is that part of the Li
reabsorption between the two collection sites may take place
beyond the pars recta and is roughly matched by transport of
water in the thin descending limb.
Since the [T/P]Ll in the early distal tubules may be either slightly
greater or smaller than in the proximal tubules (Fig. 2, Table 3),
subtle imbalances may be present in reabsorption of Li and water
between the two puncture sites. In the study by Hayslett and
Kashgarian [8], the [T/P]L at the early distal tubules (1.38) was
significantly greater than that measured at the late proximal
convoluted tubules (1.01), and a similar tendency has been
observed in studies by Shirley and colleagues [13, 17] (Fig. 2).
These findings provide no evidence for or against isolated Li
reabsorption in the thick ascending limb. In the remaining studies
[12, 14—16], all reported by one group, the [T/P]L, at the early
distal tubules tended to be slightly lower than at the late proximal
convoluted tubules (Fig. 2). This was the case despite differences
in experimental conditions. When data from the latter studies are
pooled, a small but statistically significant difference is observed
0
1.5
1.0
0.5
0.0
18] 112] [13] [14] [15] [16] [17]
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between the two values (1.16 0.01 vs. 1.07 0.01,
N = 61, P < 0.01, t-test for unpaired observations). This dissoci-
ation points to reabsorption of Li without water between the two
puncture sites, for which the most likely nephron segment is the
thick ascending limb of Henle's loop. This small difference would
suggest that reabsorption of Li between the late proximal and
early distal tubules can exceed that of water by ---2% of its filtered
load. This figure should be regarded as a minimal estimate of Li
reabsorption in the thick ascending limb because, as discussed
above, water may be reabsorbed in the thin descending limb in
excess of Li. This could mask an equivalent amount of Li being
reabsorbed in the thick ascending limb.
The above observations provide some indication that an un-
known amount of Li can be reabsorbed in parts of Henle's loop in
untreated rats. A way to define further the potential for Li
reabsorption in Henle's loop is to study the effects of agents that
either inhibit (loop diuretics) or stimulate (prostaglandin synthe-
sis inhibitors) reabsorption in this nephron segment. Figure 3
shows that Li reabsorption between the late proximal convoluted
tubule and the early distal tubule depends on the delivered load
(pooled control data from references [12—171). Both furosemide
infusion and prostaglandin synthesis inhibition clearly alter this
relationship. Note that angiotensin II, amiloride and acetazol-
amide, agents which are not thought to have important specific
effects in Henle's loop, do not alter the relation between the
delivety of Li to, and reabsorption of Li in, this nephron segment.
Loop diuretics
Loop diuretics have been shown to induce large increments in
Li clearance [22, 26—28], which has been viewed as evidence of
substantial Li reabsorption occurring in Henle's loop [22]. How-
ever, this interpretation is undoubtedly too straightforward be-
Fig. 3. The relationship between lithium deliveiy
to the late proximal convoluted tubules and
lithium reabsoiption in the segment between the
late proximal and the early distal convoluted
tubules. Data are from references [12—171.
Abbreviations are: FDLI-LPT, fractional
delivery of lithium to the late proximal
convoluted tubule; FRL-Loop, reabsorption of
lithium between the late proximal convoluted
tubule and early distal tubule, expressed as a
fraction of the filtered load. Control data are
shown as individual values (one value per rat).
Grouped data are presented as mean SE.
Closed symbols and solid line are data from the
Utrecht group; open symbols and dashed line
are data from the London group. Symbols in
the Utrecht group are: (.) control values; (•)
acetazolamide; (U) furosemide; (A) amiloride;
(V) PG synthesis inhibition; (•) angiotensin II.
Symbols in the London group are: () control80
values; (V) amiloride-high sodium; (U)
amiloride-low sodium; () furosemide-high
sodium; (Ky) furosemide-low sodium.
cause many loop diuretics also have some effect on reabsorption
in the proximal tubules [29—31]. Although low doses of furo-
semide, shown by micropuncture not to inhibit reabsorption in the
proximal convoluted tubule, are nevertheless lithiuretic [13, 28],
this does not rule out the possibility of an effect of the diuretic on
the pars recta.
In the three studies reporting the effects of furosemide on
tubular Li handling [13, 14, 17], Li reabsorption between the late
proximal and early distal convoluted tubules was reduced, by 9 to
12% of its filtered load. Reabsorption of water between the two
collection sites was reduced to a slightly lesser extent, as evi-
denced by a small but significant increase in the early distal [TIP]Li
(Table 3). Assuming that furosemide completely inhibited Li
reabsorption in Henle's loop, this would mean that a maximum of
9 to 12% of the filtered load of Li is normally reabsorbed between
the pars recta and the early distal tubule. However, since part of
this inhibition of Li reabsorption may have been effected in the
pars recta, it seems probable that the amount of Li reabsorption
in Henle's loop under basal conditions is below 10% of the filtered
load. From the increase in the [T/P]LI between the two puncture
sites, it can be estimated that inhibition of Li reabsorption exceeds
that of water by some 3% of its filtered load. The overall
conclusion from these studies, therefore, is that probably less than
10%, but at least 3%, of the filtered load of Li is reabsorbed
between the pars recta and the early distal tubules.
To overcome uncertainties regarding possible sites of action of
loop diuretics, Unwin, Walter and Shirley [32] have microper-
fused the nephron segment between the superficial late proximal
and early distal tubule (comprising pars recta, descending limb
and thick ascending limb) in vivo. In this preparation, the diuretic
can be included directly in the perfusate, thus preventing disrup-
tion of the cortico-medullary osmotic gradient and accompanying
40.
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changes in water (and possibly Li) reabsorption in the descending
limb. Since no water is reabsorbed in the ascending limb of Henle,
any action of the diuretic in the pars recta will be disclosed as a
reduction in overall water reabsorption by the loop. It was found
that 10_6 M bumetanide blocked all Li reabsorption by the
perfused loop but also inhibited water reabsorption; io- M
bumetanide, on the other hand, had no effect on water reabsorp-
tion yet still reduced Li reabsorption markedly [32]. This provides
strong evidence for pre-existing Li reabsorption in the thick
ascending limb. In further experiments it was shown that Li
reabsorption in the perfused loop was inversely proportional to
the perfusion rate. Since the transepithelial PD in the thick
ascending limb is also inversely related to the perfusion rate [33],
this observation suggests that Li reabsorption in this segment may
be driven by the lumen-positive transepithelial PD. It should be
pointed out, however, that an inverse flow dependency of Li
reabsorption in the ioop segments runs contrary to the observa-
tions from free-flow micropuncture plotted in Figure 3. This
discrepancy suggests that results obtained using microperfusion
with artificial solutions may not always reflect those occurring
under normal conditions. Nevertheless, these experiments unam-
biguously disclose the potential of Henle's loop to reabsorb Li.
Prostaglandin synthesis inhibition
Prostaglandin (PG) synthesis inhibition reduces the renal clear-
ance of Li [34, 35]. Micropuncture studies in rats have indicated
that these agents do not affect fluid reabsorption in the superficial
proximal convoluted tubules, but do stimulate chloride reabsorp-
tion between the late proximal and early distal convoluted tubules,
presumably in parts of Henle's loop [35, 36]. The acute effects of
the PG synthesis inhibitors meclofenamate and indomethacin on
tubular Li handling were reported by Boer et al [15]. Fractional Li
excretion (FE11) was reduced from —26% of the filtered load in
control rats to 13 to 15% during PG synthesis inhibition, indicat-
ing a marked increase in tubular Li uptake. As expected from
previous studies [35, 36], PG synthesis inhibition did not affect Li
reabsorption in the proximal convoluted tubules. In contrast, Li
reabsorption between the late proximal and early distal convo-
luted tubules increased substantially, so that fractional Li delivery
to the early distal tubules fell from —32% in control animals to
—20% during PG synthesis inhibition. Approximately half of the
increase in Li reabsorption between the two collection sites was
matched by increased water reabsorption. Although this might
imply proportionately increased Li and water reabsorption in the
pars recta, it should be remembered that PG synthesis inhibitors
increase the cortico-medullary interstitial osmotic gradient [36]. It
is therefore possible that the increase in water reabsorption may
have occurred, not in the pars recta, but in the thin descending
limb of Henle's loop. An equivalent amount of Li would then have
to be reabsorbed in the thick ascending limbs. Whatever the
site(s) of the proportional stimulation of Li and water transport,
it is clear that a substantial part of the increased Li transport
between the late proximal and the early distal convoluted tubules
was not matched by increased water reabsorption. This resulted in
the early distal [TIP]11 falling from 1.06 in control rats to 0.81 to
0.84 during PG synthesis inhibition. It can be estimated that this
remarkable reduction in the early distal [TIP]Ll accounts for
reabsorption of Li in excess of that of water by ——6% of its filtered
load. This suggests that an additional amount of at least —6% of
the filtered load of Li is reabsorbed in the thick ascending limb of
Table 4. Comparison of fractional Li delivery to the superficial early
distal convoluted tubules and fractional excretion in the urine
Reference Treatment
FDL-EDT-FEL- FEN. Food Nacontent
mmol/kg%
I-Tayslett & none 0 0.7 NA
Kashgarian [8]
Fransen et al [12] Na restriction
+amiloride
10.5a
—0.3
0.2
2.2
25
25
Shirley et al [13] none
amiloride
furosemide
1.4
1.4
—2.5
0.3
4.2
15.8
140
140
140
Fransen et al [14] none
acetazolamide
furosemide
4.5
0.1
—3.4
0.7
4.4
22.4
350
350
350
Boer et al [15] none
meelofenamate
indumethacin
6.P
6.3
5,4
0.9
0.2
0.3
300
300
300
Fransen et al [16]
Walter et al [17]
none
angiotensin II
Na depletion
+amiloride
+furosemide
6.3a
8.l
12.V
40a
0.2
0.1
0.03
1.8
55
100
100
4
4
4
Abbreviations are: FDLIEDT-FELI, difference between fractional Li
delivery to the early distal tubules and fractional Li excretion; FENa,
fractional Na excretion; NA, not available.
a Value significantly different from zero (P C 0.05)
Henle's loop during PG synthesis inhibition. In this connection, it
is of interest that prostaglandins have been shown to reduce the
transepithelial PD in the thick ascending limb [37].
Lithium reabsorption between the superficial early and late
distal tubules
Shirley et al are the only investigators to have reported frac-
tional Li delivery to the late as well as the early superficial distal
tubule [13,17]. Although Li delivery tended to be slightly lower at
the late distal tubule, the difference did not reach statistical
significance in either control or Na-depleted rats, nor was it
affected by amiloride. It can therefore be concluded that quanti-
tatively important Li reabsorption (or secretion) in this nephron
segment does not occur in either situation.
Lithium reabsorption beyond the superficial distal tubules
Clearance studies in rats [38—40] and dogs [41] have shown that
dietary Na restriction induces a marked increase in tubular Li
reabsorption. Since this could be reduced or prevented by amilo-
ride administration, Li reabsorption in the late distal tubules
andlor the cortical collecting ducts seemed a possibility.
Differences between the fraction of the filtered load of Li
delivered to the distal tubules and the urine could be evidence of
tubular Li reabsorption (or secretion) beyond the distal tubules.
However, such differences could also be caused by inter-nephron
heterogeneity, that is, by differences in Li delivery from deep and
superficial nephrons. A summary of reported differences between
fractional distal and urinary Li deliveries is given in Table 4. In the
study of Hayslett and Kashgarian performed in rats on a normal
Na intake, delivery of Li to the early distal tubules and FELl were
not different, both amounting to —25% of the filtered load [8]
(Table 3). These findings were confirmed by Shirley et al, who
reported values of 25% and 23%, respectively, and absence of
amiloride-sensitive Li transport [13] (Table 3). Thus, these studies
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provided no evidence for Li reabsorption or secretion beyond the
distal tubules. Although in theory Li reabsorption in the distal
nephron might have been masked by a greater delivery of Li from
deep nephrons than from superficial nephrons, the lack of effect
of amiloride militates against this explanation. In contrast to the
above, the Utrecht group of investigators has consistently re-
ported that in rats on a normal or high Na intake (100 to 350
mmol/kg dry food), Li delivery to the early distal tubules exceeds
FELl by some 4 to 6% of the filtered load [14—16] (Table 4). This
difference between early distal and urinary Li delivery was in-
creased to 10% of the filtered load when the Na content of the
food was reduced to 25 mmol/kg [12]. In the latter study,
amiloride completely abolished the difference in fractional Li
delivery to the early distal tubules and the urine, making it very
likely that the difference was caused by amiloride-sensitive distal
Li reabsorption and not by inter-nephron heterogeneity. Strong
support for this view comes from a recent investigation by Walter,
Sampson and Shirley [17] in rats subjected to Na depletion by
injection of furosemide and maintenance on a very low Na intake.
Fractional deliveries of Li to the early and late distal tubules
markedly exceeded FELl (by 10 to 12% of the filtered load; Table
4). The difference between late distal delivery and FEL, was
eliminated by administration of amiloride.
The results of the studies discussed above suggest that, although
amiloride-sensitive distal Li reabsorption becomes evident during
Na depletion, there is no particular level of Na intake or Na
excretion at which distal Li reabsorption invariably starts to occur
[39]. Why the Utrecht group [14—16] finds Li reabsorption beyond
the early distal tubules when the Na intake and/or FENa is greater
than those of other groups who have failed to find evidence of
distal Li reabsorption [8, 13], is uncertain. Differences between
substrains of rats with respect to distal Na reabsorption or
nephron heterogeneity is a possibility. Some support for this
notion comes from the finding that amiloride-sensitive Li reab-
sorption appears to be less pronounced in Na-restricted MUnich-
Wistar than in Sprague-Dawley rats [42, and unpublished obser-
vations by B. Hartog, W.H. Boer, R. Fransen and H.A. Koomans].
It is of interest that acetazolamide and furosemide abolished
the difference between early distal Li delivery and FELl found in
Na-replete rats by the Utrecht group [14] (Table 4). It is unknown
whether this was caused by direct or indirect inhibition of distal Li
reabsorption or by a greater inhibiting effect of these diuretics on
Li reabsorption in the deep nephrons. The observation that FELl
appeared to exceed Li delivery to the distal tubules in every study
in which furosemide has been used [13, 14, 17] (Table 4) seems to
support the latter notion. It is not inconceivable that furosemide
would have a greater effect on the deep (long-looped) nephrons
than on the superficial nephrons.
Summary of the micropuncture studies on the renal handling
of Li
This review of micropuncture studies into the renal handling of
Li in the rat unquestionably shows that Li does not strictly fulfill
the criteria required of a quantitative marker of reabsorption in
the proximal tubules:
(1) Most of the existing evidence indicates that the [T/P]Ll at
the end of the proximal convoluted tubules is significantly greater
than unity (—1.14). This implies that delivery of Li to the late
proximal convoluted tubules exceeds that of water by 14%.
(2) Considerable evidence indicates that part of the Li reab-
sorption between the late proximal and the early distal convoluted
tubules can take place beyond the pars recta, possibly in the thick
ascending limb of Henle's loop. Unfortunately, the amount of this
post-proximal Li reabsorption cannot be quantified precisely by
administration of loop diuretics, due to possible additional effects
of these drugs on reabsorption in the proximal tubules. Under
normal conditions, reabsorption in Henle's loop is estimated to be
at least 3% and at most 10% of the filtered load of Li. Notably,
basal Li reabsorption in Henle's loop can be increased substan-
tially (by at least 6% of the filtered load), as demonstrated during
inhibition of prostaglandin synthesis.
(3) There is evidence of a potential for considerable amiloride-
sensitive Li transport in the late distal tubules and/or the collect-
ing ducts. In Na replete rats the London group could find no
evidence for Li reabsorption beyond the loop, whereas the
Utrecht group has reported that it may amount to —5% of the
filtered load. However, both groups agree that during Na restric-
tion as much as 10% of the filtered Li may be reabsorbed by
amiloride-sensitive mechanisms in the distal nephron.
Correlation between micropuncture studies and clearance
experiments in humans
Although extrapolation of micropuncture data obtained in rats
to humans is fraught with dangers, the increasing use of the Li
clearance method in humans has spurred us to make the attempt.
One difference from rats is that amiloride-sensitive distal Li
reabsorption appears to be minimal or absent in humans, even
during dietary Na restriction [43, 44]. The reason for this species
difference is unknown, but, since the Na intake of rats can be
restricted to a greater degree than that of humans, it is possible
that the difference is quantitative rather than qualitative. In other
respects, renal Li handling seems to be similar in the two species.
Thus, the absence of Li reabsorption between the early and late
distal tubules documented in rats [13] is consistent with the
observation that those thiazides whose activity is restricted to the
distal tubules do not alter FELl in humans [45]. In general,
changes in FEL1 in response to drugs that potentially affect Li
reabsorption in Henle's loop, such as furosemide and indometha-
cm, are quantitatively similar to those in rats [23, 34]. The
possibility of quantitatively important Li reabsorption in Henle's
loop in humans is therefore strongly indicated. Finally, direct
measurement of the [T/P]Ll in the proximal tubules in humans is
obviously impossible. However, in clearance studies in water-
loaded humans studied during infusion of the loop diuretic
ethacrynic acid, the urine-plasma Li concentration ratio ([U/PILl)
may fall to levels as low as 1.16 [27]. Under these experimental
conditions, when both Li and water reabsorption beyond the
proximal tubules may be minimal, the [U/P]Ll may approximate
the end-proximal [T/P]Ll. Thus, although great care should be
taken not to overinterpret such indirect estimates, this result fits
the notion that the ratio may also exceed unity in humans.
Consequences for the interpretation of Li clearance data
The [T/P]Ll at the end of the superficial proximal convoluted
tubules in rats was —1.14. Assuming that this ratio is the same at
the end of the pars recta, and provided that there is no Li
transport beyond this site, the consequence of this finding would
be that Li clearance overestimates tubular fluid delivery from the
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pars recta by —14%. It is conceivable, however, that this excess
delivery of Li from the pars recta is approximately matched by
distal Li reabsorption under basal conditions which, as discussed
above, may be of this order of magnitude. This would explain the
close agreement between estimates of tubular fluid delivery to the
end of the proximal tubules (25 to 30% of the filtered load) and
the fractional excretion of Li. Thus, this observation, which was
the starting point of the Li clearance concept [4], may be to some
extent coincidental.
It has been demonstrated that administration of various agents
such as mannitol, furosemide, acetazolamide, amiloride, prosta-
glandin synthesis inhibitors and angiotensin II do not alter the
[T/P]L at the end of the proximal convoluted tubules [10—17].
Because of this, changes in Li clearance could still reflect the
magnitude of any changes in fluid delivery from the proximal
tubules induced by these agents, provided that they have no major
effect on Li reabsorption beyond the proximal tubules. An exam-
ple of this is given in the study by Fransen et al [161: infusion of
angiotensin II reduced fluid delivery to the end of the proximal
convoluted tubule by —7% of the filtered load, which was closely
reflected by a fall in FELl of —6%. In other instances, however,
large discrepancies have been observed between changes in FEL
and changes in fractional fluid delivery to the late proximal
tubules, since the agent concerned has altered post-proximal Li
reabsorption [12—15, 17]. In most cases this could be ascribed, at
least in part, to altered Li reabsorption in the loop of Henle. It has
been suggested that the interpretation of Li clearance data would
be facilitated by pre-treatment with amiloride so as to block Li
reabsorption in the collecting ducts [46]. However, it is clear that
this precautionary measure would be of limited value, since Li
reabsorption in the loop would be unaffected.
In conclusion, although the situation in humans cannot be
examined directly, the observations described in this review make
it unsafe to assume that changes in Li clearance necessarily reflect
changes of similar magnitude in fluid output from the proximal
tubules. Even in the absence of amiloride-sensitive Li reabsorp-
tion beyond Henle's loop, in our view Li clearance should be
regarded as a non-quantitative, directional marker of changes in
reabsorption in the initial segments of the nephron.
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Note added in proof
Since acceptance of this manuscript for publication, two further papers
have been published in which the [f/PILl in proximal tubules has been
measured. In one [47], a mean (±sEM) value of 1.13 0.02 was obtained
in Sprague-Dawley rats; values did not correlate with the puncture site as
assessed from [f/P]1,. These data accord with previously published
information. In this publication, it was speculated that data for early distal
[T/P]Ll from references 12, 14 and 15 in this review were influenced by
matrix effects (specifically occurring at high atomization temperatures,
that is >2,100°C), resulting in artificially low values. However, matrix
effects for the Li assay used in the aforementioned studies were found not
to influence the recovery of Li added to late proximal or early distal
tubular fluid [19].
The second paper, by Leyssac et al [481, examined proximal [T/P]1 in
Münich-Wistar rats. These animals were either infused with Li intrave-
nously, as in all other micropuncture studies, or given Li in the food. In the
Li-infused group, [T/P]Ll increased from 1.04 0.02 in the first convolu-
tion to 1.16 0.03 in the final convolution; however, corresponding
figures for rats given Li in the food were 1.02 0.04 and 1.05 0.02,
values which do not differ significantly from unity. Unfortunately, it was
not reported whether the differences in late proximal [T/P]LI resulted in
differences in C1, or FE1. Thus, the implication of this observation for the
interpretation of Li clearance data is not clear. We have recently
attempted, and failed, to repeat this observation in Sprague-Dawley rats
given Li in the food; we obtained values very close to those previously
found in Li-infused animals, the mean (±sFM) value for late proximal
[T/P]LI being 1.19 0.02 (5 rats, 20 tubules; D.G. Shirley and S.J. Walter,
unpublished observation). This discrepancy clearly requires further inves-
tigation.
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